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Summary,

A ground-based, eye safe Micropulse Lidar (MPL) instrument was deployed to the

Skukuza Airport in northeastern South Africa in support of the Aerosol Recirculation and

Rainfall Experiment (ARREX) - 1999 and South African Regional Science Initiative

(SAFARI) - 2000 field campaigns. A diverse array of co-located passive remote sensing

instrumentation, including a CIMEL sun-photometer, broadband solar flux radiometer

and multi-filter shadowband radiometer, were also deployed. Measurements for both

campaigns were collected during the dry season months of August and September when

the region is subject to dense lower tropospheric haze due to the prevalence of biomass

burning and sulfate emissions from power generator stations. Lidar observations provide

vertical profiles of aerosol structure based on the principle of backscatter light as a
function of time of de.;ection after a given laser pulse. This paper summarizes the

calculated optical parameters derived from both the lidar and passive datasets during

SAFARI-2000. These include the lidar extinction to backscatter ratio, the spectral

Angstrom Exponent, the 523 nm aerosol optical depth and the top of the surface aerosol

layer height. A new algorithm is described for analyzing the lidar data built upon

techniques described ir_ earlier papers. From these parameters we characterize the

temporal evolution through the experiment of the aerosol with regards to the influence of

smoke particle loading in the surface aerosol layer. In particular, global observations of

the surface aerosol layer extinction to backscatter ratio are very important to proposed

data processing algorithms for satellite-based lidar projects. These algorithms will

require a-priori knowledge of this parameter as a calibration reference point. A case

study is also discussed summarizing observations made as a fresh smoke plume is

observed adverting o_er the instrument array. Finally, observations of upper-

tropospheric aerosols, possible dominated of elevated dust matter, during a two-week

period from ARREX are described.
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ABSTRACT

During the ARREX-199') and SAFARI-2000 Dry Season experiments a micropulse lidar

(523 run) instrument wa_; operated at the Skukuza Airport in northeastern South Africa.

The lidar was co-located with a diverse array of passive radiometric equipment. For

SAFARI-2000 the proce._,sed lidar data yields a daytime time-series of layer mean/derived

aerosol optical propevies, including extinction-to-backscatter ratios and vertical

extinction cross-section profile. Combined with 523 nm aerosol optical depth and

spectral Angstrom exponent calculations from available CIMEL sun-photometer data and

normalized broadband flux measurements the temporal evolution of the near surface

aerosol layer optical pr(.perties is analyzed for climatological trends. For the densest

smoke/haze events the e,:tinction-to-backscatter ratio is found to be between 60-80 sr -_,

and corresponding Angs_trom exponent calculations near and above 1.75. The optical

characteristics of an evo'ving smoke event from SAFARI-2000 are extensively detailed.

The advecting smoke was embedded within two distinct stratified thermodynamic layers,

causing the particulate rr_ass to advect over the instrument array in an incoherent manner

on the afternoon of its o_currence. Surface broadband flux forcing due to the smoke is

calculated, as is the evol_ _tion in the vertical aerosol extinction profile as measured by the

lidar. Finally, observalions of persistent elevated aerosol during ARREX-1999 are

presented and discussed The lack of corroborating observations the following year

makes these observation:_ both unique and noteworthy in the scope of regional aerosol

transport over southern Africa.



1. Introduction

The climatic impact of biogenic, pyrogenic and anthropogenic surface emissions

across the southern Afric an sub-continent (described loosely here as that south of the 15 °

S latitude) has been the focus of much recent field research. The area is marked by

significant industrial ant domestic sulfate and carbon release. A dense network of

generator stations situated along the Highveld of northeastern South Africa, responsible

for most electrical powel to the region, and the predominance ofbiomass burning, both as

a domestic fuel source and in the form of savannah fires, are the most notable

contributors [Piketh et ,zl., 1996]. Beginning with the 1992 South African Regional

Science Initiative (SAFARI) field campaign, and continuing through numerous projects,

including the 1999 _x.erosol Recirculation and Rainfall Experiment (ARREX)

[Terblanche et al., 20001 and SAFARI-2000, many diverse datasets have been collected

in the region through cc, ordinated surface, airborne and satellite remote sensing and in-

situ sampling. The goal of these efforts is the accurate characterization of regional

aerosol evolution, transport and eventual deposition, and an improved understanding of

the regional climatic and biological repercussions of its presence in the atmosphere [Swap

et al., 2002].

This article discusses observations made through co-located active and passive remote

sensing at the Skukuza __irport in the Krueger National Park of northeastern South Africa

during the ARREX and SAFARI-2000 Dry Season components. A Micropulse Lidar

(MPL), described by Sp#lhirne (1993), is the primary instrument of focus. Low-powered,

eye-safe, and autonomotJ sly operated, the ruggedized MPL instrument is quite amenable

to remote field operatirg conditions [Spinhirne et al., 1995]. The MPL is a single-



channel(523 nm), elasticbackscatterlidar. Thoughlow-powered,the MPL hasbeen

shownto detectnearly all forms of troposphericcloud and aerosol. Sensitivitiescan

reachashigh asthe lou er stratosphere[Spinhirne,1993]. MPL instrumentshavebeen

usedin numerousrecer_taerosol-relatedfield experimentsincluding the Indian Ocean

Experiment(INDOEX) iWeltonet al. 2002], the Aerosol Characterization Experiment-2

(ACE-2) [Welton et al. 2000; Powell et at., 2000], ACE-ASIA, and the Chesapeake

Lighthouse and Aerosol Measurements for Satellites experiment (CLAMS) [Smith et al.,

2001]. They are able to run continuously for extended periods with only minor daily

supervision [Campbell ._t al., 2002]. In the current study, very little downtime was

experienced during the two experiment periods.

A single-channel lid_r is somewhat limited in stand-alone capability, particularly in

light of more robust lidar systems with depolarization and multiple channel capacities

used during SAFARI-:!000 [McGill et al., this issue], and previous African field

campaigns [e.g., Fuelbe,_'g et al., 1996, and Browell et al., 1996]. The advantage of the

MPL instrument is in its practicality (ease in remote deployment relative to typically

bulkier systems), and ability to make full-time measurements. The vertical structure of

aerosol and its evolution over extended timescales becomes more clearly evident. In

addition to the lidar a diverse suite of passive instrumentation was operated

simultaneously at the nirport site [see Tsay et al., this issue], and a CIMEL sun-

photometer was situated less than a kilometer away in the Skukuza base camp.

Integration of the datasets reveals much information on the optical characteristics of the

incident aerosols, and well as qualitative information on the types of aerosols being

observed.



In this presentation_'e examinethetemporalevolutionof regionaldry-seasonaerosol

optical parameters. P_rticular attention is given to the lidar-derived extinction-to-

backscatterparameter(S-ratio). MPL instrumentsserveanancillarypurposein collecting

ground-validation datasetsfor the National Aeronauticsand Space Administration

(NASA) Earth Observi1_gSystem(EOS) GeoscienceLaser Altimeter System(GLAS)

project [Spinhirneet al.. 2002]. Proposed GLAS data processing algorithms specify a-

priori knowledge of this parameter [Palm et al., 2001]. However, outside of modeling

studies [e.g., Ackerman ,:t al., 1998], global characterization of regional S-ratio variation

is lacking. The finding:; presented here, combined with similar measurements made by

the Cloud Physics Lidar [McGill et al., this issue] aboard the NASA ER-2 aircraft [King

et al., this issue] will prove very useful to this cause.

A case study is discussed detailing an evolving smoke plume from nearby biomass

fires as observed advecting over the instrument array. This case is particularly unique as

the smoke layers will ]_e shown to have evolved within separate boundaries of two

distinct stable thermodyt]amic layers. Variations in S-ratio measurements and spectral

Angstrom exponent calculations allow us to separate distinct smoke and haze events

observed during the S_FARI-2000 experiment with otherwise ordinary conditions.

Combined with surface l lux measurements, this case is fully characterized with mind kept

to the potential for validation of modeling studies on downwind smoke plumes [e.g.,

Trentmann et al., 2002] _md regional smoke transport modeling overall..

Finally, we briefly discuss the unexpected observation of persistent elevated aerosol

(throughout the troposp]lere) during ARREX. The persistence of significant elevated

layers would prove bott]ersome to passive satellite algorithm retrievals that constrain



observedaerosolcharacteristicsto the surfacelayer. Additionally, long-rangeaerosol

transport modeling studies require regional characterizationof the vertical aerosol

structureto interpretmodeloutput. Note that cross-validationstudiesinvolving Skukuza

MPL datasetsandmeasurementsfrom airborneinstrumentationduringSAFARI-2000can

befoundin papersby ScJtrnid et al. [this issue] and McGill et al. [this issue].

2. Instrument Setup and Data Processing

We briefly describe here the logistical setup for the MPL during both ARREX and

SAFARI-2000, as they differed somewhat, resulting in various nuances to the post-

calibration and processi_g of their respective datasets. Following the nomenclature of

Campbell et al. [2002], l he MPL instrument used during ARREX featured a V2.0 optical

design, while that used ,:n SAFARI-2000 was an updated V2.1 design. As this relates

almost solely to 'aflerpulse' cross-talk noise magnitudes (measured by the photon-

counting detectors), tile ARREX datasets are somewhat noisier (higher signal

uncertainties) than those from SAFARI-2000. For reference, a picture of the instrument

package common to both designs can be found in Fig. lb of Campbell et al. [2002].

For the ARREX ext,eriment, the MPL was housed in dual insulated containers,

allowing for outdoor operation, though otherwise sheltered from environmental

conditions. The package is pictured in operation in Fig. la. The two containers separated

the fiber-coupled laser power supply, multi-channel scaler unit and system computer,

from the optical transceiver. The containers were mated top (transceiver) and bottom

using bracing pins, with two 50 cm diameter collared ducts allowed for wiring and air-

flow circulation to be co_nmonly shared. A broadband-coated, optically flat window was



mounted along the top tace of the transceiver box. A 300 W capacity thermostatically

driven thermo-electric (ooler (seen on the side facing the camera in Fig. l a) was

responsible for maintairing a constant environment temperature inside the containers.

The MPL had been mea;ured in a laboratory setting to radiate approximately 250 W of

heat during normal operations. However, when factoring in solar loading, and ambient

temperatures (the containers were not perfectly air-tight, given the desire for somewhat

regular manipulation of the system computer), the cooler failed to consistently maintain a

steady state thermal surrounding during sunlight hours. As such, the instrument was

placed between adjacent on-site aviation hangers to provide shading during most daytime

hours. However, this cid not solve the problem completely. Welton et al. [2002a]

discuss difficulties in pr_cessing MPL data when the instrument is in a state of thermal

flux, or under relative thermal stress. This point will be reconsidered below.

For SAFAR/-2000, ar_ MPL was placed inside the hanger on the left side of Fig. 1a,

roughly 10 m behind the original ARREX set-up. Roughly speaking, this was an in-door

arrangement. However, 1he hangers were not as well sealed as a typical insulated shelter.

Still, the thermal difficulties experienced with the containers during the previous season

were mostly overcome. \ window mount was constructed on top of the hanger to allow

for an optical-quality transmitting window to be attached. The instrument rested on the

hanger floor with a ceiling-mounted fan placed in the upper hatch to inhibit window

condensation. The instrument setup is shown in Fig. lb.

Table 1 details the specifics of instrument operation for each experiment, including

dates, uptime frequencies (based on 24 hr/day operation) and temporal/spatial resolution

settings. Instrument co_rection terms were solved for using techniques outlined in



Campbell et al. [2002]. The Skukuza Airport rests upon relatively high ground. A clear

horizontal sight line loot:ing southwestward across the southern end of the runway made

for a relatively easy calibration of the instrument overlap function in both experiments.

3. Data Processing

Normalization of rite raw MPL data to a viable backscatter product requires

accounting for ambienl background light, instrument-specific correction terms, and

solving for the system c_libration coefficient as required by the lidar equation. Campbell

et al. [2002] discuss the algorithm and assorted techniques used to develop the raw data

to the point of uncalibral ed backscatter (termed normalized relative backscatter, or NRB).

We#on and Campbell [:!002b] outline the methods for calculating uncertainties for this

algorithm. Furthermore, Welton et al. [2002c] describe an algorithm for solving the

absolute calibration coel ficient (C), as well as indirectly derived optical parameters (i.e.,

backscatter and extinction cross-section profiles, optical depth profiles and layer-mean

extinction-to-backscatter ratios), including uncertainties for all terms. These algorithms

and techniques form the basis of the work presented here. Solving for C is accomplished

using an independent rrJeasurement of the total column aerosol optical depth. During

both experiments, an AERONET CIMEL sun-photometer was stationed less than 1 km

from the Skukuza airpo_ in the local base camp. Measurements from this instrument

were used with an uncertainty taken to be +/- 0.01 [Holben et al. 1998]. Campbell et al.

[2000] describe the variability of C over a diurnal cycle with the MPL. To insure

accurate data processing with the lowest quantifiable uncertainties, we are restricted in



our analysisfor this presentationto daytimeperiodswhereCIMEL measurementswere

availableassuringa prop_,rcalculationof C.

The algorithm descr:bedin Welton et al. [2002b] employs a user-specified range

above the surface aerosol layer from which to use for solving for C. After this

calculation, the algorithm then searches for the top height of the aerosol layer in order to

properly run a backward-Fernald numerical inversion [Fernald, 1984] to solve the two

unknowns in the lidar equation (particulate backscatter coefficient, and particulate

transmission). The result is a layer-mean value of S-ratio, and vertical profiles of

extinction and backscattcr. In order to automate this algorithm, we describe here a basic

approach to first solving! for the top of the aerosol layer, so as to choose a range for

solving for C as near to the instrument as possible. This has a significant effect on

decreasing the uncertainty in C that, in turn, improves the uncertainty in those

subsequently derived pacameters dependent upon it. In our analysis here, we utilize

thirty-minute averages cf NRB as centered around any reported CIMEL observation

available for an experim(nt day through the AERONET database 1. This greatly improves

the signal-to-noise ratio tor the MPL data and lowers overall uncertainty. A simple signal

threshold filter developed for the MPL is applied to every profile, before inclusion within

a period average, to ;Lvoid cloud contamination [D. D. Turner, 1998, personal

communication].

To solve for the top _,f the aerosol layer we first find the range bin where the ratio of

NRB signal to NRB signal uncertainty is less than 2.00. Roughly speaking, this

relationship is essentially signal-to-noise ratio (SNR). However, the title SNR is typically

The AERONET World Wide Web site is http://aeronet.gsfc.nasa.gov.



10

appliedto the sameratio but for raw signal. Given thatthereareinstrumentcorrection

termsandrelateduncertaintiesmixedinto thisnewvalueit wouldbeinappropriateto title

it as such. But, the g,meralcorrelation is still valid. This correspondingrange is

consideredthe top of tt_eresolvablevertical column (i.e., the rangeto which there is

reliable signal in the profile). As a value of 1.00 indicatesthe point of absolute

uncertaintywith regardsto interpretinga singlebin, a valueof 2.00 is usedto makethe

interpretationstringent.

For all rangebins from thegroundto the "noisebin" avaluefor C is solvedfor using

the interpolated 523 n_n AERONET optical depth (to solve the two-way particle

transmissionpath),and a modeledmolecularscatteringprofile. Next, the resolution of

theprofile is degradedto 150m (twobins) andC is re-calculatedfor eachbin (with lower

uncertaintydueto averaging)up to the"noise bin". Clearly thismethodologyis flawed,

asC will not be correctapplicablefor everybin. But assumingthat the entire aerosol

layeris containedwithin a finite rangein the areafrom the groundto the "noisebin", C

wilt converge to a conect solution with range. In other words, C will be biased

artificially high within tile aerosol,but for the rangepastit, wherebackscatteris almost

entirely molecular, the calculationwill be accurate. Therefore,we use the minimum

value found in the degradedresolutionprofile (lessuncertaintythan choosinga base

valuefrom the individual bin values)anduse it asa basefrom which to normalizethe

individualbin values,suchthat

)c(r)= C(r)/C*(r*) (1)
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where C(r) is the C calcldated at normal resolution, and C*(r*) is the base normalization

value at the lower resolu'ion (r*). The uncertainty of this relationship is given by

Oz(r ) = z(r)*SQRT( (c3C(r)/C(r))^2 + (0C*(r*)/C*(r*))^2) (2)

In a noise-flee environmmt, the first bin from the ground to the "noise bin" where ;((r) is

equal to 1 could be considered free of aerosol and entirely composed of molecular

components. However, :n considering Eq. (2) we are restrained by the uncertainty of the

signal and instead use the: first bin where

z(r) < 1 + c3z(r) (3)

to be the top of the aerosol layer. A 1.1 km range of bins beginning 300 m above the top

of the aerosol layer (to offset small errors in the layer top search) is then designated as the

calibration zone for solving C [ Welton et al., 2002b].

This somewhat simple technique does not differentiate between individual aerosol

layers, rather it finds the top of the highest aerosol layer as determined by the first range

bin containing signal derived from only molecular-scattering, as constrained by

uncertainty. Two scenarios can occur which undermine the methodology. First, if

separate elevated layers are present above the surface layer, such that a well-defined

"clear slot" is evident n the signal profile, the algorithm will not search for their

presence. Instead, it will solve for C assuming that the CIMEL AOD measurement was

due entirely to transmissLon in the surface layer. Second, if the "noise bin" were to be



12

foundbeforereachingth: top of thesurfacelayer(e.g.densehazes),thealgorithmwould

defaultto thatpoint asrepresentingthetop of the layer. If this rangewerenotwithin 300

m of beingaccurate,thealgorithmwould incorrectlychoosethecalibrationzone. Bothof

the abovecircumstancesproduceclearlyerroneousvaluesof C that areeasily filteredout.

For the SAFARI-2000datasets(discussedin Section4.1), lessthan 10%of thedatawas

removedas a result. E_'fortsareunderwayto moreclearly delineateparticulatelayers

within the vertical MPL signal profile, however this method easily facilitates the

automatedprocessingof therobustMPL datasets.

4. Results and Discussion

As noted, MPL instluments have been found to be very sensitive to their ambient

thermal operating environment. Under immoderate temperatures, instrument correction

terms lose their validity, as the integrity of the instrument optical path is compromised

due to thermal expansiorJcontraction in the system. During ARREX, the instrument was

subjected to wildly fluctuating temperatures making automated processing of the datasets

impractical. Operating conditions during

accommodating, and th,_se data are relied upon

interpretation found in Sc:ctions 4.1 and 4.2.

SAFARI-2000 were much more

for the quantitative discussion and

4.1. Optical Parameters Derived During SAFARI-2000

During SAFARI-200!), the MPL was operated from 18 August through 22 September.

Low clouds spoiled mucil of the last week of this period, so we focus here on the period

through 13 September inslusive. Figure 2 shows processed automated algorithm output;
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the surface aerosol mea_ S-ratio value (with error bars), and top of the aerosol layer

height. Two additional parameters are shown as derived from available CIMEL spectral

optical depth informatio'a, the 523 nm aerosol optical depth (AOD) and the Angstrom

exponent (AE). 523 nm COD values were solved for using a second-order polynomial fit

versus wavelength where at least four of the seven available CIMEL channels (between

340 and 1020 nm) reported data. Values of AE were similarly derived though using a

traditional power law cu:-ve-fit. In consideration of instrument thermal/optical stability,

only those observations a,here the MPL instrument temperature was less than 27.8 deg

Celsius are presented (chosen based on prior experience with this particular instrument).

Previous researchers have shown that the composition of the aerosol common to the

region is highly complex,, with many factors influencing it at any given time and place

[e.g. Piketh et al. 1996]. Over a span of 25 days, it is nearly impossible to interpret the

lidar data alone and accurately characterize the types of aerosols are being sampled

(which is extremely important if one wishes to draw any climatological conclusions).

With respect to advecting smoke from biomass burning events, this is particularly

relevant. Integration of the CIMEL observations simplifies this, or at least allows us

some hope to grouping days/cases/periods with regards to a more robust analysis of the

mean optical parameters available.

Stable synoptic conditions dominated the latter part of August, into early September

allowing for many data points. The period 18 - 29 August (fractional days 231 - 242) is

marked by a progressive pattern. The aerosol layer top height peaks near 5.0 km on 21

August (day 234), with corresponding peaks in AOD and AE, and slowly subsides to 4.0

km near the 29 th. AE val_les approach 2.0, and are among the highest observed during the
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experiment. Thesemea:.urementsareconsistentwith a gradualincreasein local smoke

concentrations,contribut ngto anoverallincreasein aerosolloading,followedby areturn

to a morehomogenizedmix, which appearsindicative of otherwisenormalbackground

conditions. Thetrendin_:_of theS-ratiois similar,with valuesfrom 40 to 60 sr-1,maxing

out on averagenear80 ,_rl. Note that astheAOD increases,therelativeuncertaintyin

theS-ratiosimilarly incrc;ases.As thelidar transmissionthroughthe surfaceaerosollayer

decreaseswith higherA()D, lesssignal from abovethe layer leadsto higheruncertainty

in C, andthereforeahigt:_eruncertaintyin thesubsequentopticalcalculations.

The threedaysof 1 - 3 September(days245 - 247)areheavily influencedby smoke

(to be examinedfurther below). The surfaceaerosollayer swells to near 5.0 km, AE

valuespeak againnear 2.0, the AOD reachesa maximum at 0.60 and the S-ratio is

generallybetween60 to 80sr-1,thoughuncertaintiesarequite high in theselatter cases.

This period endedabruptlyas a synopticdisturbancemoved throughthe areainducing

low and mid-level clouciness. The systemwas strongenoughto scourout the heavy

smokeandhazefrom the surfacelayer. By 9 September(day253)theAOD haddropped

to 0.20, and the aerosol layer top height was near 3.0 km. More notably, AE values

plungedto near1.0,and1heS-ratiowascalculatedat roughly40sr-1. It canbeconcluded

that a completerecycli1_gof the aerosoloccurred. A more maritime-basedaerosol

compositionmayhavei1,fluencedconditions,giventhe nearproximity of the oceanand

thepreferenceof somecommonlow-level circulationsalongtheLowveld region [Piketh

et al., 1996; Tyson et al., 1996; Garstang et al., 1996]. A return to the more

homogenized mix follow:_ though the end of the experiment.
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To put thesemeasure_nentsin someperspective,Fig. 3 showsaplot of averagesof the

523AOD andspectralAii_(with standarddeviations)for theperiod15Augustthrough15

Septemberinclusiveduring theyears1998to 2001. With respectto AE, andto a lesser

degreeAOD, the 2000s._asonwassomewhatunusual. The increasein both parameters

over theprevioustwo yearsis consistentwith a decreasein theparticlesizedistribution

of the aerosol,and an increasein overall loading. And, these findings support an

increasedinfluenceofbi(,massburningaerosols[Reidet al., 1998; Remer et al., 1996].

In Fig. 4a is a companson of S-ratio calculations to their corresponding AE value for

the data points shown in Fig. 2. A comparison of AOD versus AE values corresponding

to the cases in Fig. 4a is shown in Fig. 4b. The AE parameter is somewhat less

ambiguous than the S-ratio, and is therefore somewhat more reliable parameter for

interpreting observed aerosol type over time. AE is directly related to the slope of a

Junge-type size distribution. The S-ratio is dependent upon the aerosol phase function

and the single scatter alhedo, and therefore is sensitive not only to changes in particle

size, but also shape and refractive index. And, as aerosol species also have varying

hydroscopic properties, l_article size, shape, and refractive index are all dependent upon

relative humidity to somL: degree. Considered as such, the relatively wide spread in Fig.

4a is to be expected gi_en the chaotic nature of the regional aerosol composition and

structure. For instance, the irregular advection of biomass burning aerosols contrasted

with otherwise normal c_nditions should realistically be expected to cause variability in

S-ratio measurements on timescales potentially as often as every few minutes.

It is conceded that some outlying points from the otherwise reasonable regression

mean in Fig. 4a are likely due to the automated algorithm failing to properly assign the
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top of the aerosol layer height, and therefore improperly applying the inversion

methodologies.Cloud contamination,eitherin the normalizedIidarprofile, or asa bias

in the reportedCIMEL AOD spectralprofile, could alsobe a factor. However,separate

papersbyMcGill et al. [this issue] and Schmid et al. [this issue] show the MPL algorithm

output (including profile. _, of extinction coefficient as well as S-ratio calculations) to be in

good overall agreement with other instruments running concurrently near or at Skukuza at

various points during the experiment. These results also agree reasonably with previous

measurements [e.g., Welt)n et al., 2000; Voss et al., 2001]. Note, a chaotic spread similar

to Fig. 4a was coincidentally (or perhaps not) observed in ER-2 lidar measurements made

during the Smoke Clouds and Aerosols - Brazil (SCAR-B) experiment [W. D. Hart,

2002, personal communications].

Full closure in understanding the sources and effects of aerosol in the southern

African region would include linking sources and transport of aerosol to types and

distributions, and then t_ their optical properties. Given the broad based observations

made over the last ten years this has become very possible, though well beyond the scope

of the subject work. However, a more limited approach could be taken by interrelating

the optical measurement'.; themselves. For aerosol, the absorption as quantified by the

wavelength dependent siagle scatter albedo is the major determining factor for a given

AOD of the aerosol induced heating rate and surface shortwave flux forcing. Both the S-

ratio and the ratio of broadband shortwave diffuse to direct flux depend on the aerosol

absorption. For the S-ratio, it is well known that increasing the imaginary index, and thus

absorption, suppresses tt_e backscatter cross section. The suppression shows up most

dramatically in Mie calculations for spherical particles. For a given size distribution and
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real index, the S-ratio ,Janchangeby an order of magnitude. In past studies(e.g.,

Spinhirne1980)attemptshavebeenmadeto estimatetheimaginaryindexof aerosolfrom

S-ratiomeasurements.L'_lthoughthereare largeuncertaintiesintroducedby particlenon-

sphericity,compositionmd unknown sizedistribution, resultsdo fit a realistic model.

Skybrightnessis expectt:dto decreaseasaerosolabsorptionincreases.A "dark" aerosol

of lower singlescatteringalbedoshouldlower the diffuse SW flux. Although thereis

also a scatteringphaseiimction effect, the primary impact of increasingthe imaginary

index in calculationis to lower the diffuse to direct ratio due to absorption. Surface

albedois also a major influenceon the diffuse to direct raio andmust be known for a

quantitativeassessment.A highersurfacealbedowould magnify the aerosolabsorption

influence.

In Fig. 5 is showna c:omparisonof themeasureddiffuse to direct shortwaveflux ratio

versusthecorrespondin_pathnormalizedCIMEL AOD (multiplied by airmass)for three

distinctgroupingof derivedS-ratio(lessthan55,between55 and75and greaterthan75

sr-1. The expecteddependenceof lower S-ratio with a higher diffuse to direct SW

radianceraio is clearly evident. Runningmodel calculationsbasedon an aerosolsize

distribution andarangeof particleopticalparameterscanallow a quantitativeanalysisof

theseparameters.If the analysisagrees,as is seenat leastqualitatively in Fig. 5, there

would be fair confidencethat the optical propertiesof the observedaerosolcaseswere

understood. This would involve simultaneousobservationsfrom available aircraft

particle measurementssupplemented,whereneeded,by derivedsize distributionsfrom

availableCIMEL data. Sachworkwill be investigatedfurther.
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4.2 Advecting Smoke Layer Case Study: 1 September 2000

In this section we analyze observations made on 1 September 2000 (fractional day"

245), when smoke from lpwind biomass burning was obsela, ed advecting over the airport

site. Figure 6 is a three-l::hannel (.66 pm, .55 pro, and .47 pm) composite image of Level

1B Moderate Resolution Infrared Spectrometer (MODIS) data taken aboard the NASA

EOS Terra satellite between 0900 - 0905 UTC from this day (approximately 245.37).

The Skukuza Airport (24.97 ° S, 31.58 ° E) is denoted in the image by a white dot. The

satellite pass was centered well to the west of Skukuza (note the edge of the data swath

on the right side of th_ image), so the resolution in the area of interest has been

compromised to some degree. However, many fires and their resulting plumes are

evident. The highest cor centration of fires is confined to a 3 ° by 3 ° grid directly north of

Skukuza.

In Fig. 7, NRB data are displayed for the entire day. The surface aerosol layer is

confined to the first 4.0_) km AGL. Balloonsonde measurements from 0500 and 1200

UTC are shown in Fig. 8a-b. The top of the layer is capped by a slight temperature

inversion detected near :!;80 mb in the early morning (Fig. 7a, fractional day 245.2076)

and near 560 mb during the mid-afternoon (Fig. 8b, 245.4993). Measurements from the

passive instrument array at the airport are concatenated into Fig. 9a. These include total,

direct and diffuse broadband flux measurements, 866 nm multi-filter shadowband

radiometer AOD values (more data points than the CIMEL for this comparison), and

"airmass" calculations (d,_fined as the inverse cosine of the solar zenith angle). Figure 9b

compares total broadband flux versus airmass. Both figures are for the daylight hours

only. Figure 10 is an expansion of Fig. 2 for the subject day, with MPL algorithm output
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supplemented by corresponding CIMEL measurements. Finally, in Fig. 11 are three

profiles of the extinction cross-section as derived from the MPL measurements for the

early morning (245.23), nlid-afternoon (245.50), and late afternoon (245.60).

What is unique in th,s event is that the advancing smoke plume, as witnessed at

Skukuza, developed within two thermally separated layers. Aside from the upper

inversion cap, a strong near-ground inversion is present in both radiosonde profiles (Fig.

8). During the morning il was situated near 1.00 km. By afternoon, thermal expansion of

the layer caused it to lift to near 1.50 km. A clear delineation of the layers throughout the

day is evident in both the NRB data image (Fig. 7), and the derived extinction profiles

(Fig. 11).

From the NRB data, in the early hours of the day aerosol in the upper layer was well

mixed, though wisp-like _;trands of smoke could be seen near 245.10. In the lower layer,

a denser aerosol was detected. Though the first available sounding profile (Fig. 8a) came

a few hours later, it is lil, ely that the extremely stable thermal structure measured in the

lower layer at that time prevailed earlier as well. With the sunrise (near 245.20) an

evolution of the layer to the more convectively unstable one seen in the afternoon (Fig.

8b) commenced. This c:an be seen in the NRB data as the aerosol collects near the

inversion cap height (col_vective mixing) with time. Gradually the layer dissipates by

245.40. A snapshot of tt_,is evolving structure is seen in the first extinction profile (Fig.

11 a) where a peak calculation over 0.30 km l is found in the lower layer, while the upper

layer displayed varying intensities under 0.10 km -1. AE values beginning after sunrise

(Fig. 10) are near 1.50, suggesting that the effective layer composition was likely a

relatively common one (relative to Fig. 3 and Fig. 4a).
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ThroughthemiddleoFtheday(245.50),AE valuesincreased,asdid the 523nm AOD.

The MODIS image, throughthreehours earlier, showedthat the corridor within the

Lowveld was completelycoveredwith varying degreesof smoke. However, denser

concentrationswere no_ yet in the immediatevicinity of Skukuza. The NRB data

continuesto indicatethat the smokewasalmostexclusivelyconfinedto the upper layer.

A peakextinctioncoeffil:ientfrom themiddayprofile near0.20krn4 wasdetectedat 2.50

km (Fig. 1lb). Thetemporalevolutionof the lower layerstructurefrom sunriseon does

not indicateany onset l_f significant smoke. This is presumablydue to higher wind

speedsabovethenear-groundinversioncausingincreasedparticleadvectionin theupper

layer(wind datawasnet availablefrom the balloonsondedata). S-ratiovalues,highly

variable earlier in the day (no doubt influenced by the intermittent smoke wisps),

convergeatthis time to avaluenear60sr4.

Two hourslater(245.60),smokeembeddedin the lower layerreachedthe airport. AE

valuespeakednear 1.7, while the 523 nm AOD approached0.8. The corresponding

extinctionprofile (Fig. l lc) showsthe remarkablechangein the structureof this layer.

This late afternoon evelLt marked one of the densest smoke events in terms of AOD

observed during the e'_periment. Stabilization of the S-ratio values indicates a

temporarily homogeneous aerosol composition. As such, it makes sense that the location

of the upwind burning was in somewhat close proximity as the MODIS imagery

validates. Turbulent mix ing over the lifetime of the plume had yet to have much effect in

entraining dissimilar air, thereby inducing fluctuation in this measurement.

The change in bro_dband forcing at the ground caused by the smoke was

approximately -50 W/mZ_ when compared to corresponding airmass values from earlier in
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the day (i.e., when the sanwas rising versuswhenthe sunwas setting) (Fig. 9b). As

smokewaspresentin theupperlayerduring this earliertime, weestimatethat the overall

forcing of the smokerel_tive to the otherwisecommonbackgoundaerosolwasactually

somewhathigherthanthisamount.

Tyson et al. [1995, 1!_96] discuss climatological air transport patterns over southern

Africa in the lower trope,sphere, and corresponding aerosol recirculation in conjunction

with the convective bourdary layer. They also identify climatological trends in observed

thermal inversion boundaries. Of note, Tyson et al. [1996] use downward-looking lidar

observations made in S.\FARI-92 to correlate aerosol concentrations with significant

vertical thermodynamic __tructures. They found comparable discontinuities in aerosol

concentration with each incident layer. Though they did not document a case such as

this.

Transport-modeling el'forts involving smoke in such a unique thermal environment

face a daunting task. Ti_e available data limits us from deriving any potential optical

differences between the lwo layers. But we can safely assume that as the case unfolds

with time, a continued detineation of the layers will lead to two uniquely modified aerosol

types. What is clear is that a significant amount of smoke has reached the upper thermal

layer, and that it is adw_'cting quickly upstream from that trapped in the lower layer.

Models will need accurate characterization of the efficiency at which the plume punches

through the first inversion (i.e., buoyancy), not to mention proper initialization of the

ambient thermal environment itself. Finally, the evolution of the aerosol composition

would need to be accurate ly depicted in response to entrainment and modification.
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4.3Elevated Aerosols during ARREX

While the MPL dat_L from ARREX were not suitable for automated algorithm

processing, we wish to !dghlight a finding from these data that contrasted with those

collected during the 2000 eampaig-n. Specifically, the presence of persistent elevated

aerosols. In Fig. 11 are 5,1PL NRB data from 7 September 1999. While cloud and heavy

aerosol loading was observed during the first two-thirds of this day, by early evening the

upper-troposphere could be identified and much aerosol structure was evident. This day

represents one example amidst a near two-week period (between 24 August and 7

September) where detecLable aerosol was measured well above the common surface

stable layers. No such cases of upper-tropospheric aerosol could be found in the

SAFARI-2000 datasets.

Unfortunately, it is not readily obvious what the aerosol is composed of. Interpretation

of the available lidar :md passive data is otherwise ambiguous. In-situ aircraft

measurements were mad_, but the data were not conclusive. Ozone concentrations were

found to be above normal background levels, which are indicative of biomass burn

remnants. The possibility of downstream adveetion from fires in southern Zambia and

neighboring countries exists, though the lack of corroborating observations the following

year raises uncertainty in this scenario. One other possibility is the existence of elevated

dust matter; perhaps ffo_n the arid environments of the west coast of Africa or even

beyond, transported by rmfid upper-tropospheric jet stream flow far down stream from its

source. AE calculations from available CIMEL data were quite low during this period

with respect to the measurements detailed above from 2000. Common values were near

1.0, which are inconsistent with observations associated with biomass burning events
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observed in 2000 and nore characteristic (at least in relative magnitude to normal

backgound conditions) of dust. Though no sounding data was available for early

September, the apparent structure in Fig. 11 suggests that the particles were stratified

along thermal boundari,,:s. This would seem consistent with a prolonged presence,

whereby newly introdu:ed particulate would likely show some turbulent (mixing)

structure. Attempts to run optical algorithm retrievals on these data aside from the

automated routines were limited. When successful, the contributions of these aerosols to

column optical depths aTnounted to no more than approximately 0.05 + 0.03 at 523 nm

(not shown). The high uncertainties are the result of the very high uncertainties derived

with the corresponding l_yer mean S-ratio value.

Though we cannot offer a definite classification of nature of these elevated aerosols,

their striking contrast i a vertical structure and temporal extent to the more robust

observations made the f(,llowing year are at worst still noteworthy. The statically stable

nature of the southern African lower-troposphere would appear to inhibit the prolonged

protrusion of surface-el:rated particulates well above the height of the upper-most

common inversion layer (- 500 MB). Considering the scenario of biomass burning, it

would seemingly (relativ : to 2000) require an impressive event to generate the significant

buoyancies capable of penetrating the inversions over an extended period. However, it is

well understood that wi1:d-driven dust events commonly induce particulate transport on

global scales. At any rate, those regional transport-modeling efforts buoyed by the

observations made in the SAFARI-2000 experiment should give careful consideration to

these findings.
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5. Conclusions

In this paper we su_nmarize and compare observations taken during August and

September for 1999 and 2000 at the Skukuza Airport in northeastern South Africa using a

Micropulse Lidar instrument co-located with passive radiometric equipment. The

measurements were made in concurrence with the ARREX and SAFARI-2000 field

campaigns. The purpose of these measurements enhance understanding of optical

properties, both layer mean and vertically structured, of regional aerosols, which are

heavily influenced by s_llfate emissions and biomass burning. Specifically, regional

characterization of the lidar-derived layer-mean extinction-to-backscatter ratio is of

particular importance to satellite-based lidar programs as calibration reference points.

We have shown that dt,ring the dry-season months, there is some variability in this

parameter based on synoptic conditions and aerosol loading and the proximity ofbiomass

burning. Additionally, v:e detail a case study during SAFARI-2000 where the onset of

smoke from a nearby fire is observed advecting over the instrument array within two

distinct thermal layers. 'We show the evolution of this event both in vertical profiles of

particulate extinction cross-section, layer-mean S-ratio, and with respect to surface

broadband flux and sun-photometer measurements.

persistent elevated aerosols observed during ARREX.

Finally, we show measurements of

The composition of these aerosols

is not immediately clear. Interpretation of available data indicates a likelihood that the

aerosol was mostly elevaled dust particles advected far downwind from a source region.

Deployment of the lV!PL instruments for these experiments was coordinated through

the recently formed NAS_ EOS Micropulse Lidar Network project (MPL-Net) [ Welton et

al., 2001]. The MPL-Nct program was designed to establish a global network of MPL
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systems of long-term climatological cloud and aerosol research. In the coming years,

instruments will be deployed at pre-existing AERONET field sites to supplement co-

located sun-photometer lneasurements with profiles of vertical structure. Additionally,

field campaigns will be ::_upported as deemed relevant. Datasets described in this paper

are available on-line, and potential users are encouraged to visit the project website to

make specific inquiries 2.
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Table Captions

Table 1. Dates of operation, uptime percentages (based on 24 hr/day operation) and

temporal/spatial resolution settings for the MPL instrument during ARREX and SAFARI-

2000.

Figure Captions

Figure 1. Outdoor VIPL environment-controlled operating containers used for

ARREX (a), and indoor logistical arrangement during SAFARI-2000 (b).

Figure 2. Automated surface aerosol processing algorithm output for the period 18

August - 13 September 2000 (fractional days 231 - 257 inclusive). Calculated layer-

mean S-ratio values for surface-detached aerosol layer with uncertainty bars (top),

corresponding CIMEL 523-interpolated aerosol optical depths (top-middle) and

Angstrom exponents (bottom-middle), and the derived aerosol layer top height used to

initiate algorithm inversion techniques (bottom).

Figure3. For the p_riod 15 August through 15 September, the average aerosol

optical depth versus average Angstrom exponent from available CIMEL sun-photometer

data during 1998 - 2001 at Skukuza.

Figure 4. Corresponding to Fig. 2, a comparison of Angstrom exponent values

calculated from available CIMEL sun-photometer measurements vs. algorithm derived

layer-mean S-ratio values (a), and CIMEL 523 nm interpolated aerosol optical depths (b).

Figure 5. A comparison of the measured diffuse to direct broadband flux ratio

versus corresponding path-normalized CIMEL 523 nm interpolated aerosol optical depth
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for threegroupsof calculatedS-ratiovalues;lessthan55 (+), between55and75 (*) and

greaterthan75 (o).

Figure6. MODIS Level 1B geo-located RGB composite imagery from bands 1, 4

and 3 (.66 gm, .55 gin, and .47 gm) for northeastern South Africa from 0900 - 0905

UTC, September 1,200(. The Skukuza Airport site (24.97 ° S, 31.58 ° E) is denoted by

the white dot.

Figure 7. MPL NoJmalized Relative

September 2000 at the Skukuza Airport site.

Backscatter (counts*kma/uj*usec) from 1

Figure 8. Balloonsonde profiles of temperature versus height above ground (km)

from 1 September 2000 at approximately 0500 UTC (fractional day 245.2076) (a), and

1200 UTC (245.4993) (b) launched at the Skukuza Airport site.

Figure 9. For daylight hours (approximately 0500 - 1500 UTC) on 1 September

2000, top displays total l blue dots), direct (red dots) and diffuse (green dots) broadband

flux measurements, scaled 866 nm multi-filter shadowband radiometer AOD values

(violet +'s), and scaled airmass values (blue +'s) (a). Bottom shows total measured

broadband flux versus mrmass (b). Circles represent measurements as sun was rising.

Crosses indicate measurements as the sun was setting. Radiative forcing of afternoon

smoke layer can be interpreted by comparing corresponding airmass measurements (i.e.

early morning and late afiemoon). The forcing in this case is estimated to be greater than

- 50 W/m 2.

Figure 10. Corresponding to Fig. 2 but expanded for 1 September 2000.

Figure 11. MPL-derived extinction cross-section profiles with uncertainty bars versus

height above ground (kxn) for 30-rain data periods on 1 September 2000; 0530 UTC

(fractional day 245.2281) (a), 1200 UTC (245.5011) (b) and 1435 UTC (245.6071).
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Figure 12. MPL Normalized Relative Backscatter (counts*krn2/uj*usec)from 7

September1999at the SkukuzaAirport site. Aerosolstructurecanbe clearlyseenup to

12km abovegroundleve.
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Figure 7
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Figure 12


